poleward speckle movement throughout metaphase and anaphase in these embryonic spindles (Figures 2A in these spindles. At 18؇C and 24؇C, separated sister chromatids moved poleward at average rates (3.6 and and 2B). These observations provide the first direct evidence for poleward microtubule flux in an invertebrate 6.6 m/min, respectively) slightly greater than the mean rates of poleward flux (3.2 and 5.2 m/min, reas well as in a mitotic embryo. They suggest that flux is a widely conserved property of spindles and should spectively). However, at 24؇C the rate of kinetochoreto-pole movement varied from slower than to twice be considered for any analysis of the mechanisms of spindle morphogenesis. the mean rate of flux, suggesting that although flux To determine if flux can make a significant contribuis the dominant mechanism, kinetochore-associated tion to the segregation of sister chromatids during emmicrotubule depolymerization contributes to anabryonic mitosis, we simultaneously followed speckle phase A. and chromosome movement. During metaphase, chromosomes remained in the middle of the spindle while Results and Discussion speckles could be seen originating near them and moving poleward in a linear fashion (Figure 2A, arrows) . After Investigation of the biological role of microtubule flux anaphase onset, separated sister chromatids moved in spindles has focused on defining the extent to which poleward while speckles continued moving poleward. it contributes to chromosome segregation. In vertebrate Point tracking of the leading edges of chromosomes somatic cells, photoactivation analysis revealed that kiand of fluorescent speckles in close proximity to these netochore microtubules connecting kinetochore regions leading edges showed that poleward flux occurred at a of chromosomes to spindle poles continuously flux polemean velocity of 3.2 Ϯ 0.7 m/min (n ϭ 110 speckles from eight embryos) while sister chromatids moved 5 Correspondence: pmaddox@email.unc.edu 6 These authors contributed equally to this work.
bules, both kinetochore and non-kinetochore, flux poleward. These results demonstrate that flux is a major mechanism for sister chromatid segregation in Drosophila embryos at 18ЊC.
Recent antibody and dominant-negative inhibitor injection experiments suggest that poleward chromosome movement in Drosophila embryos at 24ЊC is driven in large part by the kinetochore-associated minus enddirected motor protein cytoplasmic dynein [20] . The re- bules that are most important for understanding the mechanism of anaphase A. To achieve these two goals, we modified our experimental design in two ways. First, 75 chromosomes from eight embryos). Kymograph analwe used embryos expressing GFP fused to MEI-S332, ysis directly revealed the correlation between chromoa protein that localizes to the kinetochore region of the some movement and poleward flux (compare white and chromosomes [21] . Second, we used spinning-disk conblack lines in Figure 2B ; Figure 2C ). We did not detect static speckles, suggesting that all spindle microtufocal imaging to more precisely follow moving kineto- Figure S1B , most kinetochores were seen to is that dynein maintains kinetochore-microtubule attachment during anaphase such that flux-generated move near the rate of poleward flux, in accordance with forces are able to move the separated chromatids the results described above. However, unlike kinetopoleward. chores at 18ЊC, those at 24ЊC underwent measurable Our study in Drosophila embryos provides the first periods of increased velocity relative to microtubule flux example for a mitotic division in which microtubule flux (Figures 3E and 3G) . During these periods, speckles is the dominant mechanism for poleward chromosome could be seen to disappear as the kinetochores moved movement. Thus, flux-dominated chromosome segrepast them (arrowheads in Figure 3A) , confirming that at gation is not meiosis specific. Viewed in the context of least some of these speckles are on kinetochore microprevious work in mitotic vertebrate somatic cells and tubules. As kinetochores moved poleward, the fluoresmeiotic Xenopus egg extracts, these results strongly cence between separating sisters decreased substansuggest that both microtubule flux and kinetochore motially, as expected for the shortening of kinetochore tility are widely conserved, concurrently acting mechamicrotubules during anaphase A (double arrows in Fig- nisms that contribute to anaphase A. However, there is ure 3E and Supplementary Figures S1B and S1C ). Occaa dramatic difference among systems in the extent to sionally kinetochores passed each other while moving which each mechanism is utilized. poleward. Virtually all kinetochores examined exhibited Our results illustrate the power of FSM as a technique variable rates of poleward movement; some changed for studying mitotic spindles in the Drosophila embryo. rates up to three times during anaphase A. These rates
The existence of a simple and robust assay for spindle were anywhere from slower than to nearly twice that of dynamics in a classical genetic model organism with poleward flux (Figures 3E and 3G Figures 3F and 4) . Kinetochore-associated dynein may contribute to the faster-than-speckle kineto- 
velocity (

